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ABSTRACT

A Janus membrane exhibiting sides with different properties
and methods of fabricating such a Janus membrane. The
membrane comprises a polymer material lacking polar func-
tional groups. One side of the membrane is masked during
atomic layer deposition (ALD). ALD is utilized to deposit a
conformal coating on an exposed side of the membrane.
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JANUS MEMBRANES VIA ATOMIC LAYER
DEPOSITION

[0001] The United States Government claims certain
rights in this invention pursuant to Contract No. W-31-109-
ENG-38 between the United States Government and the
University of Chicago and/or pursuant to DE-ACO02-
06CH11357 between the United States Government and
UChicago Argonne, LL.C representing Argonne National
Laboratory.

TECHNICAL FIELD

[0002] The present disclosure relates generally to Janus
membranes and methods for fabricating and using the same.

BACKGROUND

[0003] Membranes are utilized in a range of form factors,
in broadly different environments, and for wide range of
functions. Generally speaking, membranes are flat or at least
have a thickness typically much less than its diameter or
width. Thus, membranes are typically described by a first
side and a second side and the bulk material between the two
sides, optionally with a periphery defining the exposed
edges between the first side and second side.

[0004] Within the general category of membranes are
membranes having asymmetric properties, wherein one side
of'the membrane has differing properties from the other side.
In particular, so-called “Janus” membranes are an emerging
class of membrane materials engineered to have differing
properties at their opposite surfaces. Such membranes have
generated excitement for their potential to manipulate fluid
transport properties in powerful new ways. Janus mem-
branes can improve efficiency in conventional applications;
they also exhibit entirely novel phenomena useful in uncon-
ventional applications. The presence of divergent surface
properties have led to Janus membranes being utilized in a
host of challenging applications, such as but not limited to
battery separators, oil/water emulsification and deemulsifi-
cation, fog harvesting, blood plasma separation, membrane
distillation/nanofiltration, and fine bubble aeration.

[0005] While Janus membranes are generally recognized
for their wide-spread utility, ongoing development in the
methods of fabricating the membranes continues to expand
the uses for the membranes. There are currently two main
methods of creating Janus membranes: asymmetric fabrica-
tion and asymmetric decoration.

[0006] Asymmetric fabrication approaches involve
directly constructing double layers in a stack. Examples
include sequential electrospinning, spray-coating of poly-
mers and nanoparticles, sequential filtration of functional
nanomaterials, and casting solutions with surface-migrating
additives.

[0007] Asymmetric decoration approaches, in contrast,
rely on the physical/chemical modification of a single side of
an extant porous structure. In one class of decoration
approaches, a phase interface is introduced at one membrane
face, and the decoration is limited to one side of that
interface. The interface can be liquid-gas, such as in the
deposition of mussel-inspired polydopamine to membrane
surfaces floating in fluids. Alternatively, a solid-gas interface
can be introduced in the form of a polymer, which physically
blocks part of the membrane from modification and can then
be removed by dissolution, etching, or peeling.
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[0008] Diffusion-limited modifications are another class
of asymmetric decoration approaches demonstrated in
recent literature. For example, by controlling the time that
cotton fabric was exposed to hydrophobic silane vapor, the
extent of a hydrophobic modification could be controlled.
Similarly, a gradient of hydroxyapatite crystallites were
deposited onto polyvinylidene fluoride (PVDF) membranes
by pre-wetting with one reactant and allowing the second to
diffuse in from one side. Recently, oxygen plasma was used
to hydrophilize an 18 nm depth of 8 nm diameter silica
nanopores made hydrophobic by atomic layer deposition of
a trimethyl-silane coating. Such diffusion-mechanism
approaches can, in principle, enable processing to control
the extent of the Janus modification layer.

[0009] The thickness of the Janus modification layer, or
the through-membrane position of the property gradient,
influences the performance of the material across applica-
tions and should ideally be controlled with precision. The
ratio of the thickness of each layer, along with the sharpness
of'the property transition, will have profound effects on fluid
transport through the membrane. However, precise control
of the transition interface is challenging or impossible for
most Janus decoration approaches. In practice, for example,
it can be difficult to reproduce conditions that position the
fluid-gas interface adjustably within the membrane. Depos-
ited materials, such as nanoparticles or other functional
materials, may inconsistently cover the interior pore struc-
ture of a membrane. When deposited by filtration or by
sol-gel processes, nanomaterials can also constrict or even
block the pores of the underlying membrane. Depending on
the interactions (electrostatic, van der Waals) between the
decorating material and membrane, along with the intended
application of the material, shedding or delamination of the
decoration may occur. Processes that could yield well-
adhered decorations with tunable extent and coverage would
represent a valuable addition to the field, enabling process
optimization by control of the spatial extent of the Janus
decoration.

[0010] Thus, there remains a need for a strategy to produce
Janus membranes that yields well-adhered, controllable
coatings decorated on one side of the membrane.

SUMMARY

[0011] Some embodiments described herein relate gener-
ally to a method of fabricating a Janus membrane. The
method comprises positioning a membrane in a housing in
an Atomic Layer Deposition (ALD) reactor, the membrane
having a first side and a second side and comprising a
material, the membrane positioned within the housing with
the second side adjacent to and masked by a portion of the
housing and the first side exposed to a reaction chamber of
the ALD reactor. The method further comprises depositing
an oxide coating on the first side of the membrane and within
a network of pores within the membrane by atomic layer
deposition. The ALD proceeds by the steps of exposing a
first ALD precursor flux comprising a first ALD precursor at
a first deposition temperature, a first vapor pressure, and for
a first exposure time; absorbing the first ALD precursor to
the first side of the membrane and within a portion of the
network of pores; exposing a second ALD precursor flux
comprising a second ALD precursor at a second deposition
temperature, a first vapor pressure, and for a first exposure
time; reacting the absorbed first ALD precursor with the
second ALD precursor; and forming a coating on the first
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side and the portion of the network of pores. The flow of the
first ALD precursor in the network of pores is governed by
Knudsen diffusion.

[0012] Other embodiments relate to a method of fabricat-
ing a membrane comprising positioning a membrane lacking
polar functional groups in a housing in an Atomic Layer
deposition (ALD) reactor, the membrane having a first side
and a second side and depositing an oxide on the first side
of the membrane and within a network of pores within the
membrane by atomic layer deposition. The ALD proceeds
by the steps of performing a first set of cycles of exposing
a first ALD precursor flux comprising a first ALD precursor
at a first deposition temperature, a first vapor pressure, and
for a first exposure time; absorbing the first ALD precursor
to the first side of the membrane and within a portion of the
network of pores; exposing a second ALD precursor flux
comprising a second ALD precursor at a second deposition
temperature, a first vapor pressure, and for a first exposure
time; reacting the absorbed first ALD precursor with the
second ALD precursor; and forming a plurality of oxide
seeds on the first side and the portion of the network of
pores.

[0013] Other embodiments relate to a Janus membrane.
The Janus membrane comprises a membrane comprising a
polymer and lacking polar functional groups, the membrane
comprising a tortuous network of pores. A conformal coat-
ing of oxide is deposited on a first side of the membrane and
extending a distance into the pores towards the second side.
The conformal coating on the first side has a uniform
thickness and the coating within the pores exhibits a thick-
ness gradient.

[0014] It should be appreciated that all combinations of
the foregoing concepts and additional concepts discussed in
greater detail below (provided such concepts are not mutu-
ally inconsistent) are contemplated as being part of the
subject matter disclosed herein. In particular, all combina-
tions of claimed subject matter appearing at the end of this
disclosure are contemplated as being part of the subject
matter disclosed herein.

BRIEF DESCRIPTION OF DRAWINGS

[0015] The foregoing and other features of the present
disclosure will become more fully apparent from the fol-
lowing description and appended claims, taken in conjunc-
tion with the accompanying drawings. Understanding that
these drawings depict only several implementations in
accordance with the disclosure and are therefore, not to be
considered limiting of its scope, the disclosure will be
described with additional specificity and detail through use
of the accompanying drawings.

[0016] FIG. 1A is a cross-sectional schematic of a Janus
membrane FIGS. 1B-D illustrate a schematic of one
embodiment for the masking mount used for selective ALD
deposition for Janus membrane fabrication. FIG. 1B is a top
view, FIG. 1C is a perspective view, and FIG. 1D is a side
view. Note, for ease of illustration pores are shown as simple
through-pores, but the pores may be a tortuous network of
pores.

[0017] FIG. 2A is a cross-sectional SEM image of one
embodiment of a Janus-modified PP membrane with over-
laid EDS map showing the distribution of aluminum within
the membrane. A gradient is apparent. FIGS. 2B-2D show
cross-sectional EDS measurements (averaged along the
plane of the membrane) visualizing alumina distribution as
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a function of the number of ALD cycles under different
precursor exposure times per cycle. FIG. 2B has a precursor
exposure time of 0.015 seconds. FIG. 2C has a precursor
exposure time of 0.06 seconds. FIG. 2D has a precursor
exposure time of 0.15 seconds. Background shading is
meant to guide the eye to the two different regimes through
the thickness of the membranes, with a denser region near
the exposed surface, and a rapid drop off in metal oxide
growth further down.

[0018] FIG. 3A is a graph showing contact angle as a
function of vapor exposure and number of ALD cycles. FIG.
3B shows representative images across vapor pressures for
250 cycles and 375 cycles. A droplet on the back of the
membrane confirms the Janus nature of the deposition. FIG.
3C shows images demonstrating drop imbibition across
vapor pressures and 350 cycles as a function of time and for
different vapor exposures of 0.015 s, 0.06 s, and 0.15 s. In
one embodiment, significant imbibition at 350 cycles only
occurs with a 0.15 second vapor exposure. FIG. 3D shows
under water air contact angle measurements indicating a
progression from aerophilic to acrophobic Janus surface and
a superaerophobic transition at ~190 cycles and 0.015 sec-
ond vapor exposure. FIG. 3E is a graph illustrating contact
angle as a function of purge time for 350 cycle membranes
across vapor exposures. A decrease in hydrophilic gain per
cycle with greater purge time is observed across vapor
exposures.

[0019] FIG. 4A shows a water drop brought into contact
with covered portion of the unmodified membrane surface is
manipulated laterally with the needle to the Al,O,-modified
region of one embodiment, at which point the water droplet
rapidly spreads and is imbibed by the Janus membrane. FI1G.
4B shows staining with Coomasie Blue dye revealing the
lateral pattern of the Janus modification in one embodiment,
scale bar is 10 mm. FIG. 4C shows a series of photographs
wherein a water droplet deposited on an inclined Janus
membrane rolls on the unmodified hydrophobic region (left
two frames) only to be immobilized by a 10 mm Janus-
modified region (right two frames).

[0020] FIG. 5A is a graphical representation of one
embodiment of the aeration process. FIG. 5B illustrates a
hydrophobic, untreated membrane, showing that air spreads
as a film leading to large bubbles. FIG. 5C shows one
embodiment of a Janus membrane having a superaerophobic
surface, which minimizes the adhesion between the mem-
brane surface and the bubble, leading to fine-bubble aera-
tion.

[0021] FIG. 6A illustrates one embodiment of an aeration
apparatus. FIGS. 6B and 6C are still images extracted from
videos of aeration using a pristine polypropylene membrane
(FIG. 6B) and a Janus membrane (FIG. 6C) prepared with
300 cycles at 0.015 second vapor exposure. The large
bubbles emerging from the unmodified surface contrast
dramatically with the millimeter-scale bubbles that release
from the Janus surface.

[0022] FIG. 7A is schematic of the cross section of the
physical housing of the membrane which isolates the front
face for vapor diffusion. FIG. 7B is a cross-sectional SEM
of the polypropylene reveals the tortuous porosity that leads
to diffusion-controlled ALD, scale is 50 pm. FIG. 7C is an
illustration of vapor diffusing through the pore volume from
the front side. Nucleation occurs more quickly near the
surface due to greater concentration of reactants closer to the
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front surface. After nucleation, growth proceeds to form a
coating with decreasing coverage through the membrane.
[0023] FIG. 8 is a graph showing pressure transients of
two TMAlpurgelwater ALD cycles at three different pres-
sures. Data was offset vertically for clarity.

[0024] FIGS. 9A-9D show XPS data of the pristine poly-
propylene before and after an Ar surface cleaning.

[0025] FIG. 10 shows a graph of 0.5-1 eV shift after
etching (1 min, Ar* 1000 eV) corresponds roughly to the
removal of ~%2 of the OH,,;, groups.

[0026] FIGS. 11A-11D show Cross-sectional EDS spectra
for 150, 200, 300, and 350 cycle samples at three vapor
exposures demonstrating the migration of the transition
feature to deeper within the membrane interior.

[0027] FIGS. 12A-B show the back face and the front face
of'a Janus membrane. The back face is hydrophobic, appears
bare in SEM show in FIG. 12C (back face) and FIG. 12D
(front face) scale is 5 mm and 400 nm, and FIGS. 12E-12F
show virtually no EDS signal for oxygen or aluminum (FIG.
12E corresponding to back face, and FIG. 12F correspond-
ing to front face). In contrast, water spreads on the hydro-
philic front face, the membrane is covered with aluminum
oxide in SEM, and shows substantial oxygen and aluminum
in EDS.

[0028] FIGS. 13A and 13B show SEM micrographs of the
pristine polypropylene membranes from the top surface and
in cross-section, revealing the tortuous microporosity and
high aspect ratio. Scale bars are 400 nm (FIG. 13A) and 50
microns (FIG. 13B), respectively. FIG. 13C shows SEM
images of PP membranes after exposure to various ALD
deposition conditions.

[0029] Reference is made to the accompanying drawings
throughout the following detailed description. In the draw-
ings, similar symbols typically identify similar components,
unless context dictates otherwise. The illustrative implemen-
tations described in the detailed description, drawings, and
claims are not meant to be limiting. Other implementations
may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter
presented here. It will be readily understood that the aspects
of the present disclosure, as generally described herein, and
illustrated in the figures, can be arranged, substituted, com-
bined, and designed in a wide variety of different configu-
rations, all of which are explicitly contemplated and made
part of this disclosure.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

[0030] Described herein are Janus membranes and sys-
tems and methods relating to same. In on embodiment,
atomic layer deposition (“ALD”) is utilized to fabricate
porous membranes consisting of a compositional gradient
ranging from one side of a membrane to the opposite side of
the membrane. For example, the membrane may have a
gradient of exposed hydrophobic polypropylene to coated
hydrophilic metal oxides. The depth of the coating into the
membrane (into the pores) is observed to have a profound
impact on surface wetting properties.

[0031] Atomic layer deposition (ALD) is a chemically
diverse vapor-phase deposition technique with the capability
to synthesize ultra-thin and pinhole-free films, for example
oxide barriers, with well-defined surface chemical control
and precise physical thickness. While ALD is essentially a
chemical vapor deposition (CVD), it is unique in that it can
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allow very high control for deposition of extremely thin
layers (e.g., less than 1 nm thick layers) on the substrate.
One or more precursors, for example gaseous precursors are
inserted sequentially into the ALD chamber. The precursors
interact in the ALD chamber to layer-by-layer deposit a film,
layer or otherwise coating (e.g., a metal oxide) on the
substrate positioned in the ALD chamber over numerous
insertion cycles. ALD enables layer-by-layer conformal
growth. As described herein, the term “conformal” implies
that the ALD deposited layer or coating conforms to the
contours of structure on which it is deposited. In the case of
a porous structure, the deposition occurs on the exposed
surface, including within the pores. While the coating within
the pores will not typically be uniform thickness (with
decreasing thickness progressing into the pore, the exterior
surface of the side exposed to ALD will, typically, exhibit a
uniform thickness as is normally observed in ALD.

[0032] In such a conformal regime, ALD allows for mem-
branes to be functionalized with metal oxides without sub-
stantially changing the pore geometry. Oxides grown on
porous materials simply constrict the pore size and introduce
a roughness associated with the particular metal oxide.
Though ALD is commonly considered a surface-saturating
conformal coating technique, even in porous materials,
diffusion-limited behavior has been observed in high-aspect-
ratio nanoporous systems.

[0033] One embodiment relates to a diffusion-controlled
ALD approach to impart a hydrophilic/superaerophobic
layer, for example, but not limited to Al,O;, onto hydro-
phobic membranes, such as but not limited to polypropyl-
ene. Thus, the unexposed (to ALD) portions of the mem-
brane are hydrophobic while the ALD coated portions are
hydrophilic. The extent of ALD precursor infiltration into
the pores of the membrane, and therefore the position of the
hydrophilic-hydrophobic interface within the membrane, are
tuned using the exposure dose and partial pressure of ALD
reactants, the purge time of the vapors, and the number of
reaction cycles.

[0034] With reference to FIG. 1A, one embodiment of a
Janus membrane is shown. The Janus membrane 100 com-
prises a membrane 110. The membrane will have a property
that contrasts with a corresponding property of the coating,
for example surface charge, hydrophobic/philic, oleophobic/
philic, solvophobic/philic, and other surface chemistry
aspects such as affinity for binding a species or catalytic
activity. The membrane may be hydrophobic. The mem-
brane may comprise material selected from a membranes
that are generally unreactive to the selected first ALD
precursor and may also be unreactive with the second ALD
precursor. Membrane materials that are generally considered
unreactive to ALD precursors include polymers lacking in
polar functional groups, which groups would normally asso-
ciate with ALD precursors. In one embodiment, the mem-
brane comprises a polymer lacking polar functional groups
(for example, carbonyls, amines, etc.) and the first ALD
precursor is an organometallic precursor reactive with a
polar functional group. For example, the membrane may
comprise a polymer, such as polypropylene. In one embodi-
ment, the membrane has a circular shape and a diameter of
diameter, typically sized for use in a typical commercial
ALD reactor. As shown in FIG. 1A, the membrane has a top
surface or first side 111, a bottom surface or second side 112
and a periphery surface 113. The volume of the membrane
therein is referred to as the membrane bulk 115. It should be
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appreciated that the membrane, and the resultant Janus
membrane 100, are illustrated as having a circular shape, i.e.
a thin three-dimensional disk. However, other shapes maybe
utilized as understood in the art for membranes generally, for
example spiral-wound or hollow-fiber membranes.

[0035] The membrane 110 includes a plurality of pores
120. The pores 120 extend from the first side 111 to the
second side 112 with each pore having a top opening 121
and a bottom opening 122 and with a sidewall 123 extending
through the membrane bulk 115. In one embodiment, the
pores form a tortuous network of pores. That is, the pores
will provide a continuous path that fluid (or vapor) can
follow from the top surface out the bottom surface The
combined membrane thickness, pore size, and tortuosity are
such that the system is governed by Knudsen diffusion and
not viscous flow. Thus, the pores have dimensions such that
Knudsen diffusion will occur, that is the mean free path of
the precursors will be comparable to or larger than the
diameter of the pores.

[0036] Based on traditional ALD chemistry, one would not
expect the described coating to grow on the described
polymer membranes given the absence of reactive groups.
However, as illustrated in FIG. 1A, the coating 140 is
present on one side of the membrane 110 and extends into
the pores 120. The nucleation of the coating on unreactive
polymers such as polypropylene has been explained as
relying on the residence of adsorbed but unreacted first
precursor, such as TMA, in the near sub-surface of the
material, which does not escape during the purge step. It is
believed that the purge step will accomplish a complete
purge, even of the adsorbed precursor, if the purge is
sufficiently long, something that was generally desired in the
prior art. However, when the purge is sufficiently short then
adsorbed precursor will remain for exposure to the second
precursor. This growth path leads to discrete nucleation
islands of the coating. After nucleation, more typical layer-
by-layer growth can proceed. With increased cycles, these
clusters coalesce into a continuous conformal coating. ALD
has been demonstrated on polypropylene films and fibers in
the context of this proposed mechanism.

[0037] ALD has been used to coat polymeric membranes
with thin conformal inorganic metal oxides in an effort to
improve their performance. Wang et al. used ALD to com-
pletely coat polypropylene with conformal Al,O; and TiO,
to produce hydrophilic membranes with high flux. Rather
than rely on physically trapped residual inorganic precur-
sors, in these studies, reactive surface sites were introduced
to the polymer via oxidative damage by submerging in nitric
acid or exposing to oxygen plasm. Oxygen plasma has been
shown by x-ray photoelectron spectroscopy (XPS) to incor-
porate oxygen-containing functional groups along polypro-
pylene’s hydrocarbon backbone. These pretreatments alter
the membrane to create reactive sites (for the ALD precur-
sor) and increase the nucleation rate of the deposition by
allowing TMA to chemically react and form initial confor-
mal layers on the polymer surface.

[0038] Complete coverage of microporous polypropylene
was a design goal in that previous work; here, we have
utilized diffusion-limited transport of precursors through
high-aspect-ratio and relatively unreactive (and unmodified)
polypropylene to enable an inhomogeneous coating through
the membrane’s thickness in order to impart Janus-like
behavior. FIG. 8 shows ultrahigh-resolution XPS measure-
ments on the as-received pristine polypropylene membranes,
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which reveal a total oxygen content of 1.10 at. %. After a
one-minute 1 KeV Ar* exposure, the oxygen content is
reduced to 0.46 at. %. This reduction in oxygen signal shows
that some of the initial oxygen signal is due to adsorbed
water; the remainder suggests some minor C—O content
throughout the polymer, presumably the result of impurities
or defects in the polymer chains. These sparse moieties
present sites by which TMA could potentially directly asso-
ciate with the polymer to form a covalent linkage, in
addition to any non-reacted physisorbed TMA that leads to
scattered and slow nucleation.

[0039] Further the conformal coating 120 is not uniformly
thick throughout. In order to understand why the processes
used in this study does not produce a uniform conformal
coating through the entire membrane thickness, one must
examine the length scales and morphology of the system.
The high aspect ratio, small pore size, and high tortousity of
the polypropylene membranes lead to this asymmetric depo-
sition, with a high density of Al,O, at the exposed surface
that decreases through the thickness of the membrane. The
mean free path of the ALD reactant vapors is described by
Equation 1:

kT 1
T ———
\/TnPd,i

[0040] In this expression, P is the precursor partial pres-
sure and d,, is the kinetic diameter of the gas molecule.
Under typical ALD conditions the mean free path is gener-
ally on the micron scale. For example, the value of TMA at
1 Torr and 450 K is 40 um.>® The polypropylene membranes
used in these studies have an average pore size of 200 nm,
a thickness of ~160 um, and a highly tortuous networked
pore structure. Ignoring the tortuosity of the porous path-
ways, the aspect ratio (L/d) of the membrane is ~800. Since
the mean free path far exceeds the average membrane pore
diameter (I/d ~10%), the transport of these precursors is
described by molecular or Knudsen diffusion. In Knudsen
diffusion, the vapor molecules scatter against the pore walls
with far greater frequency than with other vapor molecules.
FIG. 7C shows a schematic of how Al,O; nucleates and
grows to yield a Janus structure.

[0041] Thus, the Janus membranes described herein
include a coating of material deposited by ALD where
traditional chemistry would not expect deposition to occur.
However, as illustrated in FIG. 1A, the Janus membrane 100
includes a conformal coating 140 on one of the sides of the
membrane 110. The coating may comprise metal oxides
such as Al O,, ZnOx, SnOx, HfOx, TiO2, ZrOx. For ease of
reference, it shall be referred to as a coating 140 on the first
side 111 but should be understood as being able to be coated
on the first side 111 or second side 112 unless otherwise
specified. These may be viewed as top and bottom sides as
illustrated. The coating 140 extends into at least some of the
plurality of pores 120. It is believed that the coating is
independent of proximity (with reason as one of skill would
understand). Further, it is also believed that pore location
does not matter in that depth into the plurality of pores
should be equal at any point on the membrane subject to
minor variations due to the tortuous nature of the pores. In
one embodiment, the coating 140 extends a penetration
distance D,,. The penetration distance within plurality of
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pores may be, on average, 5 to 50 microns. The resultant
Janus membrane includes a modified portion 181 (such as a
hydrophilic portion), a unmodified portion 182 (such as a
hydrophobic portion) and an interface 183 there between
(such as a hydrophilic/hydrophobic interface).

[0042] In certain embodiments, a system for and method
of fabricating the Janus membranes is provided. The mem-
brane 110 is secured in a housing 210. The housing 210 may
be, for example, aluminum or another (to the ALD precur-
sors and environment) metal. The housing 210 may be
engaged with a portion of the ALD reactor 201 The housing
210 maybe inert to the ALD reactions. The housing may
include, as shown in FIG. 1B, a masking plate 215 and a
fixture 216. The masking plate 215 and fixture 216 may both
be plates, with the fixture 216 having an opening to allow
exposure of the first side to the ALD precursor. In one
embodiment, the fixture 216 and masking plate 215 are
sealably secured together to prevent ALD precursors from
infiltrating between them and exposing the bottom side 112
of the membrane 110. The masking plate 215 is disposed
against the membrane and masks one side of the membrane,
i.e. the unexposed side that remains uncoated post-ALD.
The fixture 216 engages with the masking plate 215 to
secure the membrane against the masking plate 215. The
membrane 110 fits within the housing 210 to limit exposure
of the reactant vapors to one face of the membrane 110 (i.e.,
the modified surface). In the illustrated embodiment, the
housing 210 consists of a bottom aluminum plates 215 and
a top aluminum plate 216 best seen in FIG. 1D. The top
aluminum plate 216 has an opening 217 to accommodate
deposition on the membrane disposed in the housing 210. In
one embodiment, the housing 210 may also extend about a
portion of the first side 111 of the membrane to retain the
membrane 110. As a result, that portion may remain
uncoated. The housing 210 may be positioned on a portion
202 of the ALD reactor and exposed to an inlet 203 or source
for the ALD gases and an exhaust 204 to vent the ALD
gases.

[0043] Inone embodiment, a method of creating the Janus
membrane, such as one shown in FIG. 1A, includes ALD
deposition of the coating 120 on the membrane 110. The
membrane 110 is positioned in an ALD reactor. The ALD
reactor device includes a closed reaction chamber with the
membrane 110 positioned therein and with the first side 111
exposed and the second side 112 blocked by the housing
210. An initial purging may be utilized to drive off any
absorbed materials on the membrane, such as adsorbed
water, for example 30 minutes of purge with the inert gas
used for the ALD purge step(s), such as nitrogen at 100
sccm. A first ALD precursor is introduced for a first period
of time as a first ALD precursor flux. The first ALD
precursor adsorbs to the membrane 100. Specifically, the
first ALD precursor diffuses through the reaction chamber
and interacts with the first surface 111 of the membrane 110.
The first ALD precursor also diffuses into the plurality of
pores 120. The first ALD precursor forms a first half-step
structure adsorbed to the membrane. A plurality of such
half-step structure are adsorbed where the first ALD precur-
sor was exposed to the membrane. Optionally a first inert gas
is used to purge the first ALD precursor. The second ALD
precursor is introduced for a second period of time as a
second ALD precursor flux. The second ALD precursor
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reacts with the first half-step structure to form the coating.
Optionally a second inert gas is used to purge the second
ALD precursor.

[0044] The distance that the first ALD precursor and the
second ALD precursor diffuse into the pores may be con-
trolled by one or more parameters such as precursor vapor
pressure, precursor exposure time, and temperature. In one
embodiment, the vapor pressure and exposure time are
utilized to control the diffusion distance, hence the depth of
the coating in the pores, due to temperatures impact on
additional aspects of the ALD process or the membrane
itself. In one embodiment, the temperature for the ALD
process is between 60° C. and 110° C. and the pressure is up
to 1 Torr.

[0045] One parameter that can be used to control depth of
diffusion is the length of precursor exposure. This is the
length of time over which the dosing valve of the ALD
reactor is opened and the precursor gas is exposed. This
determines how much of the gas enters the reaction chamber.
This also controls the peak pressure of the gas in the
chamber in the space directly above the exposed membrane,
which governs the boundary conditions of the diffusion
behavior. The longer the pulse, the higher the pressure, and
the more vapor can diffuse in, which leads to a deeper extent
of coverage. Thus, one of skill in the art can determine the
total exposure of precursor necessary to achieve a desired
penetration into the pores (depth into the pores).

[0046] Similarly, the pressure of the gas provided to the
reaction chamber can also be controlled, with higher pres-
sure resulting in more diffusion into the pores. In one
embodiment, the pressure of the first ALD precursor expo-
sure is up to 1 Torr and the pressure of the second ALD
precursor is up to 1 Torr.

[0047] Another parameter that can control diffusion into
the pores is this the length of time between pulses, which
may include a purge step. This controls how much of the
precursor that diffuses into the exposed membrane can
subsequently leave and be evacuated from the chamber. The
longer the purge, the less coating will form as more of the
precursor will have been evacuated rather than remaining
absorbed (first ALD precursor) or reacting with the first
ALD precursor (for the second ALD precursor). It is
believed, see, e.g. the contact angle vs purge time data in
FIG. 3E, that there is less coating growth with larger purge
times, but that depth of deposition of coating into the pores
is not changed substantially. In one embodiment, the length
of the first purge step is 10 to 60 seconds at a pressure of up
to 1 Torr. In one embodiment, the length of the second purge
step is 10 to 60 seconds at a pressure of up to 1 Torr

[0048] Further, the number of cycles of ALD may be
controlled. The number of cycles determines how dense the
oxide along the diffusion gradient forms. Each subsequent
cycle grows the seeds more and/or deposited further coating
on the underlying coating material to provide a thicker
coating. This, in turn, controls the wetting properties and
also the slope of the coating gradient. In one embodiment,
the number of ALD cycles is in the range of 100 to 300
cycles, preferably at least 150 cycles.

[0049] Temperature of the ALD reactor may also be con-
trolled to alter the coating deposition. Higher temperatures
would give a greater depth of coverage, however, higher
temperatures may also negatively impact the membrane
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material itself or result in further undesirable ALD reactions.
In one embodiment, the temperature of the ALD reactor is
between 60° C. and 110° C.

[0050] In one embodiment, the method of fabricating the
Janus membrane includes a mechanism by which after
relatively slow nucleation of alumina islands over the first
150-250 cycles, growth proceeds rapidly on already depos-
ited Al,O; leading to a rapid onset of hydrophilicity. In such
embodiments, the first ALD precursor either adsorbs to the
membrane or, as can be appreciated increasingly so for later
cycles of ALD, binds with already formed alumina on the
surface of the membrane. In this manner, the first cycle of
ALD forms seeds or islands of alumina on the membrane. It
is believed that the resultant alumina is covalently bonded to
the membrane. Additional cycles form additional islands or
grow existing islands. A sufficient number of ALD cycles
can be performed to form the coating. In one embodiment
such as using a polypropylene membrane with a metal oxide
coating, such as alumina, greater than 150 cycles are uti-
lized. Additional cycles can provide the membrane with a
coating that is overall more hydrophilic such that a water
droplet is able to more be quickly imbibed, for example a
coating of at least 325 cycles, 350 cycles, or 400 cycles. One
of skill in the art will appreciate an upper bound on the
number of cycles to be imparted by practical effects of a
coating on a membrane and desire to maintain a certain form
factor for the membrane.

[0051] For certain embodiments, such as those with a
coating of Al,O;, the method of fabrication may involve
spatial control of surface hydroxyl groups laterally across a
substrate’s surface to serve as a platform for further func-
tionalization.

Examples

[0052] In one embodiment, the coating comprises Al,O;.
The membrane is a ~47 mm diameter polypropylene mem-
brane with a thickness of ~160 um and having a pore size of
~200 nm. The ALD coating is applied by alternating pulses
of trimethyl aluminum and water vapor lead to the growth of
covalently bonded Al,0; conforming to the membrane pore
surfaces. The resultant coating coverage decreases through
the depth of the membrane due to physical manipulation of
the vapors’ access. The polypropylene’s small pore size (200
nm) and high tortuosity leads to diffusion-limited growth,
where the extent of oxide penetration can be tuned using
processing parameters. For a given exposure dose and purge
time, increasing the number of cycles decreases the water
contact angle from hydrophobic to hydrophilic, until a
threshold at which the droplet is completely imbibed by the
membrane.

[0053] To demonstrate the utility of these Janus mem-
branes, a hydrophilic/superaerophobic Janus surface treat-
ment is shown to greatly reduce the size of air bubbles
generated through the membrane, enabling faster mixing.
This technique represents the first application of vapor-
deposited covalently bonded metal oxides to form Janus
membranes. Further opportunities are afforded by the ability
to spatially, such as laterally, pattern this interfacial func-
tionalization.

[0054] The Janus modification process is examined via
scanning electron microscopy of the top surface, along with
cross-sectional elemental mapping by energy dispersive
spectroscopy (EDS). The depth to which dyed water is
drawn into the hydrophilized membrane face by capillary
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rise is shown to depend on the vapor exposure dose, illus-
trating control of the hydrophilic/hydrophobic interface
property. This diffusion-limited ALD approach to Janus
membrane decoration brings together the desirable proper-
ties of conformal metal oxide coatings and controllable
processing kinetics of a vapor-phase reaction. The wetting
properties of the Janus membranes are investigated using
sessile drop contact angle tests and reveal a progression
from hydrophobicity to a decrease in contact angle, followed
by the onset of complete wetting and drop imbibition.
Captive bubble contact angle measurements demonstrate an
analogous transition from aerophilicity to superaerophobic-
ity. Further, experiments demonstrate the utility of this
hydrophilic-hydrophobic Janus membrane in dramatically
reducing bubble size in an aeration process relative to
pristine polypropylene membranes, which can improve gas
delivery in a number of industrial applications.

[0055] As described further below, embodiments of the
Janus membrane provide a new asymmetric decoration
technique based on atomic layer deposition in which a
hydrophilic Al,O, wetting skin layer is grown on hydropho-
bic microporous polypropylene to form a Janus membrane.
ALD processing parameters have been shown to precisely
control the density and depth of coverage of the covalent and
conformal Al,O; functionalization. This depth-controlled
modification, is a result of the Knudsen diffusion-limited
transport of ALD reactant vapors through the tortuous pore
pathways of the membrane. Using precise control of vapor
exposure dose, vapor purge time, and total number of
reaction cycles, contact angle measurements demonstrated
an onset of wetting and hydrophilicity of the exposed
surface across a range of conditions.

[0056] In some experiments described below, the housing
prevented the alternating pulses of TMA and water from
contacting the back face resulting in no loss of its native
hydrophobicity during processing. The housing also enables
sharp lateral hydrophilic/hydrophobic interfaces along a
single membrane face. The figures illustrate cross-sectional
EDS mapping to show that the extent of the Al,O; pushes
deeper into the membrane with increasing vapor pressures.
[0057] To show the utility of this asymmetric ALD tech-
nique in controlling the interfacial properties of microporous
membranes, we demonstrate these Janus membranes can
dramatically reduce the size of pressurized air bubbles
released into a column of water in an aeration experiment.
Thus, this ALD approach offers the ability to make a
controlled  hydrophilic/hydrophobic  interface  within
microporous membrane materials. The convenient surface-
terminated hydroxyl groups that make Al,O; hydrophilic/
superaerophobic also present a convenient linkage site for
macromolecular grafting or subsequent ALD with other
functional oxides. In future work, diffusion-limited ALD
will facilitate both in-plane and depth control of porous
materials functionalization across many applications.

Janus Membrane Fabrication

[0058] Polypropylene membranes were purchased from
Sterlitech Corporation. The purchased membranes were 47
millimeter in diameter and rated as having a 200 nanometer
pore size and an approximate thickness of ~160 microns.
These were stored in a vacuum desiccator to limit adsorbed
water. The Janus modification to these membranes was
conducted in an Ultratech Savannah Atomic Layer Deposi-
tion Chamber. All ALD treatments were conducted at 80° C.
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[0059] The Al O, coated Janus membrane was fabricated
using a housing 210 to hold the membrane as illustrated in
FIGS. 1B-1D. The polypropylene membrane 120 was
secured in an aluminum housing to limit exposure of the
reactant vapors to one face of the membrane (modified
surface). This housing 210 consists of two aluminum plates
as shown in FIG. 1D. The membrane was placed between
the two plates 221, 222, with the top plate 221 having an
opening 225 exposing one side of the membrane, which will
become the modified surface. The plates 221, 222 are
secured together. For the descried experiments, the polypro-
pylene membranes (purchased from Sterlitech Corporation)
are ~160 um-thick discs 47 mm in diameter characterized as
having an average pore size of 200 nm based on their
separation performance. The SEM micrograph in FIG. 13A
of'the membrane cross-section reveals a highly polydisperse
networked and tortuous pore path morphology.

[0060] The ALD tool is operated in flow mode where a
single cycle is composed of a TMA pulse, a purge time
where the vapor is exhausted, a water pulse, and a second
purge. In flow mode, the ALD reactor chamber is exposed to
a vacuum that serves as a drain as opposed to “exposure”
mode for a reactor wherein there is no drain during exposure
of a precursor and the pressure is allowed to dwell on the
substrate. In all cases, the ALD system was held at 80° C.,
and the membrane system was held at vacuum under 100
sccm of nitrogen flow for 30 minutes prior to coating to
drive off adsorbed water. The nitrogen flow is then set to a
continuous 20 sccm (0.25 Torr) for the duration of the
deposition process as a carrier gas. Janus membranes were
fabricated at 0.015, 0.06, and 0.15 second exposures with
varying purge time and number of cycles. These pulse
durations result in a TMA dose (first ALD precursor) with an
average peak partial pressure of 0.1 Torr, 0.45 Torr, and 0.7
Torr, respectively. The chamber is then then purged for ten
seconds to remove excess TMA and product gases via the
carrier gas flow. The water shutter is then opened to provide
water (second ALD precursor) for the same length of time as
TMA, with corresponding pressures of 0.05 Torr, 0.15 Torr,
and 0.35 Torr (FIG. 8). The chamber is then purged again for
ten seconds to complete one ALD cycle.

[0061] Based on traditional ALD chemistry, one would not
expect alumina to grow on a purely hydrocarbon polymer
given the absence of reactive groups. The nucleation of
alumina on unreactive polymers such as polypropylene has
been explained resulting from physisorbed TMA in the near
sub-surface of the material, which does not escape during
the purge step and consequently reacts with H,O during the
subsequent H,O exposure. Given a sufficiently low coverage
of physisorbed TMA, this mechanism leads to the formation
of discrete alumina islands. With increasing ALD cycles,
these islands can grow in three dimensions and eventually
merge to form a continuous film. ALD has been demon-
strated on polypropylene films and fibers in the context of
this proposed mechanism

Experimental Parameters

Contact Angle Measurements

[0062] Contact angle measurements were performed on a
Dataphysics™ OCA 25 Contact Angle Measurement sys-
tem. Distilled water was used as the drop fluid and a 1.0
microliter drop size was used in all experiments. Contact
angle images were processed and analyzed using dataphys-
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ics SCA20 software module. Contact angle was measured
from the first stable frame with a stationary contact line as
drops spread and were partially imbibed. Captive bubble
measurements were conducted in a glass cuvette filled with
distilled water using a J-shaped needle to deliver air.

Scanning Electron Microscopy

[0063] The surfaces of the Janus membranes were imaged
using a Carl Zeiss Merlin field-emission scanning electronic
microscopy with an acceleration voltage of 1 keV and a
typical working distance of 2 mm. Samples were affixed to
stubs using copper tape and sputter-coated with 6 nm of
carbon to mitigate charging.

Energy Dispersive Spectroscopy

[0064] Samples were prepared in cross-section by submer-
sion into liquid nitrogen for one minute and then cracking
along a notch prepared by a razor blade. The cleaved edge
of the broken membrane was adhered to the vertical edge of
a SEM sample stub using copper tape such that the Janus-
modified side faced away from the sample stub. The mem-
brane’s broken edge was aligned to be flush with the lip of
the stub wall. The sample was coated with 12 nanometers of
carbon to mitigate charging. EDS measurements were con-
ducted on a TESCAN LYRA3 field emission scanning
electron microscope with an accelerating voltage of 10 keV
and a working distance of 9 mm. EDS map spectra were
collected using two Oxford Instruments X-Max” detectors
and analyzed using the AZtec software package. Mapping
scans were taken at an image magnification of 1000x and at
a 512 pixel resolution. The energy range and channel num-
ber were set to auto, a process time of 4 and a pixel dwell
of 50 microseconds were used.

X-Ray Photoelectron Spectroscopy

[0065] XPS measurements with Ar*-sputter depth profil-
ing experiments were carried out on a Thermo Scientific™
K-Alpha+™ spectrometer using a micro-focused monochro-
matic AlKa (1487 eV) X-ray source with a spot size of 400
um and 100 um for the surface and depth profiling analyses
respectively. Samples were mounted on the instrument’s
standard stage and affixed to copper tape to help dissipate
charging from the insulating (polymeric) samples. Addition-
ally, a dual-beam electron flood gun (ultra-low energy
co-axial electron and Ar* ion beam) was used for charge
compensation during all surface analysis. The instrument
uses a 128-channel 180° double-focusing analyzer and
energy ranges of 0 to 1350 eV were swept for low-resolution
surveys. High-resolution regions of interest (Ols, Al2p,
Cls) were windowed off at the relevant binding energy
range for the acquisitions. Mounted samples were evacuated
on the sample stage mount in an isolated load-lock chamber
until a base pressure of 3x1077 Torr or lower was achieved
and were then transferred via a pneumatic transfer manipu-
lator arm to the analysis chamber. Operational pressures in
the analysis chamber prior to analysis were typically 1 to
4x107° Torr and 2 to 4x107~7 Torr with the e-flood gun on
during surface analysis. Auto-firing TSP filaments and
e-flood gun filaments were degassed prior to analysis. Pro-
cessing of the spectra was performed in Thermo Avantage (v.
5.977, Build 06436) post-processing software and, if nec-
essary, charge-correction of each spectrum was applied by
referencing to the adventitious C 1s peak arising at 284.8 eV.
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Peak deconvolution of the high-resolution spectra (Cls,
Ols, Al 2p) was performed using the Powell fitting algo-
rithm with mixed Gaussian-Lorentzian (~30% L/G) line
shapes and a Shirley/Smart background.

Aeration Apparatus

[0066] Aeration was conducted using a custom-designed
apparatus constructed from a stainless steel body and an
acrylic top-plate and tube. Screws provide tension to seal the
membrane between the acrylic and a Viton o-ring to deliver
compressed air through the membrane porosity into a 25 mL
water column.

Analysis of Janus Fabrication

[0067] To demonstrate the Janus character of membranes
treated with diffusion-controlled ALD process, drops of
water were placed onto both surfaces of a membrane pre-
pared with 350 cycles of alumna ALD at 0.015 seconds
vapor exposure and ten second purge. FIGS. 12A-12B show
the hydrophobic character of the unmodified second side
(bottom in FIG. 12A) of the membrane in contrast with the
modified hydrophilic first side (top in FIG. 12B). SEM
images of the two sides (faces) reveal that the modified side
(FIG. 12D) is conformaly coated with a granular deposit of
Al,O,, whereas the unmodified face (FIG. 12C) has no
discernable oxide, i.e. is smooth and featureless. Lastly,
elemental analysis by energy dispersive spectroscopy (EDS)
reveals strong aluminum and oxygen peaks on the front
surface. The back face of the membrane shows virtually no
signal for either aluminum or oxygen, confirming the asym-
metric nature of the functionalization.

[0068] The influence on precursor exposure and cycle
number on the resulting Al,O, coating was examined. FIG.
13C shows top-down SEM micrographs of the Al,O;-
modified Janus surfaces prepared at various precursor expo-
sures and number of cycles. After 150 cycles, sparse spheri-
cal clusters of Al,O; are observed. These clusters appear as
white dots on the smooth polypropylene membrane surface
which has a dark contrast in the SEM images. With increas-
ing reactant exposures, these nuclei grow larger and much
more closely spaced. By 200 cycles, the 0.06 second expo-
sure sample is covered with discrete nuclei, whereas the 0.15
second samples has formed a nearly continuous coating. By
300 cycles, ALD Al,O, films appear continuous across
exposure times. The thickness of the ALD Al,O; appears to
increase with increasing precursor exposure, as evidenced
by the polymer ligaments growing in thickness. This behav-
ior results from faster nucleation using larger precursor
exposures.

[0069] Modeling of diffusion and self-limited reactions in
nanoporous substrates has shown that the coverage and
transport are strongly influenced by a, a dimensionless
parameter representing the ratio of reaction rate to diffusion
rate inside the nanopores. In cases where the ALD precur-
sors are supplied from one side of a porous substrate, and the
exposures are insufficient to coat all of the available sites,
then values of a>~100 yield stepped coverage profiles
where the outer regions become saturated and the inner
regions remain bare. In contrast, a<~10 produces uniform,
low coverage throughout the pores. Under the assumptions
of Knudsen diffusion and circular pores, a=3/2(AR)*B,
where AR is the aspect ratio (pore length/pore diameter) and
Po is the initial sticking coefficient. For a given geometry, the
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value of a, and hence the shape of the coverage profile, can
vary depending on the reactive sticking coefficient: a high
reaction probability can yield a stepped profile whereas a
low reaction probability causes uniform, or gradually slop-
ing low coverage, in otherwise identical porous networks.

[0070] With these principles in mind, we performed EDS
measurements of the Al signals of Janus membranes to
assess the extent of Al,O; penetration through the mem-
branes. FIG. 2A shows an EDS Al signal map for one of the
Janus membranes in cross-section superimposed on the
corresponding SEM image. It is evident that the Al concen-
tration is higher on the modified surface side of the mem-
brane. FIGS. 2B, 2C, and 2D show depth profiles derived
from EDS Al signal precursor exposures dosages of 0.015,
0.06, and 0.15 seconds, respectively and varying cycle
number. In all cases, the Al concentration is greatest at the
pore entrance and decreases with depth into the membrane,
and the extent of infiltration increases with increasing expo-
sure, as indicated by the yellow shaded regions in these
graphs. Moreover, the magnitude of the Al signals increases
with increasing Al,O; ALD cycles. FIG. 11A shows these
profiles plotted for a given number of cycles across vapor
exposures.

[0071] The EDS linescans in FIG. 4 exhibit two distinct
regimes as a function of ALD cycles. At low cycle numbers
of' ~150-250 cycles, the profiles are fairly flat and show only
a small gradual decrease in concentration with depth into the
membrane. Above ~300 cycles, however, the EDS profiles
exhibit a step-like profile where the coverage is much higher
at the pore entrance than deeper in the pore. Once this
transition occurs, the profile shapes do not change much
with increasing ALD cycles other than to increase in mag-
nitude. In addition, all of the profiles at a given exposure
converge deep within the membrane so that all of the curves
are essentially superimposed. The data also exhibit a region
near the pore entrance where the coverage profile becomes
qualitatively linear, as indicated by the shaded bars above
FIGS. 2B, 2C, and 2D.

[0072] These two regimes may be explained by a gradient
in TMA reactivity along the pores that sets up in the
low-cycle limit. The polypropylene membranes have an AR
of ~800 (neglecting tortuosity), and for the reaction of TMA
on ALO; B, ~1072 so a~10*. Consequently, the stepped
coverage profiles are expected once the ALD Al,O; forms
on closed and continuous film on the polypropylene surface.
The gradual coverage profiles for the initial cycles suggest
a<10, so that B,<107>. This is indicative of the extremely
low reaction rate for TMA on bare polypropylene. Once the
Al, O, nuclei grow to sufficient size at the pore entrance, the
much higher reaction rate for TMA on Al,O; dominates the
slow diffusion into high AR pores, and all of the TMA is
consumed at the pore entrance. Thus, the reactivity gradient
persists throughout the coating process, and the Al concen-
tration deep in the pores no longer increases.

[0073] Additional experiments correlated the depth of the
ALD Al,O; infiltration into the membranes with depth to
which wetting behavior is modified. Janus membranes were
prepared using 350 ALD cycles using precursor exposures
of 0.015, 0.03, 0.06, and 0.15 seconds and ten second
purges. The modified surfaces of these membranes were
placed in contact with a solution of blue dye for one hour to
allow for capillary action to wick the solution into the
membrane porosity. The membranes were rinsed and dried
thoroughly, prepared in cross-section, and examined by
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optical microscopy as shown in FIG. 2E. With increasing
precursor exposure, the position of the dye interface moved
deeper into the membrane. At the lowest exposure of 0.015
seconds, the solution was imbibed approximately 4 microns
into the membrane. At the highest exposure of 0.15 seconds,
the solution was imbibed approximately 16 microns into the
membrane. The increased depth of the dye front by capillary
rise shows that the position of internal Janus interface can be
tuned.

Janus Membrane Wettability

Water Contact Angle Measurements

[0074] To study the evolution of the modified membrane
surface wetting properties, contact angle measurements
were conducted at different ALD cycle numbers and vapor
exposures. These measurements were conducted as soon as
possible after removal from the ALD chamber, to limit the
influence of environmental residue adsorption. Contact
angles were recorded as the first stable frame after bringing
a 1.0 uL drop into contact with the membrane surface. The
plotted contact angle values are the average of at least seven
drops per membrane, and there was no significant variation
observed in any direction along the exposed, functionalized
face. FIG. 3A shows that by increasing the number of ALD
cycles, the contact angle of the functionalized surface
decreases gradually over the initial 250 cycles, and then
drops rapidly with increasing cycles. The onset of hydro-
philicity occurs at a lower number of cycles as the exposure
dose is increased. This follows from the more rapid onset of
nucleation and growth with higher exposure dose observed
in surface SEM. The back side of the membrane exhibited a
contact angle of over 130° on all membranes, demonstrating
a marked Janus property.

[0075] The wetting behavior on these porous substrates is
an indirect measure of the surface energy due to the porosity
and roughness of the materials. Though the initial contact
angle decreased for each of the tested precursor exposure
levels, drop imbibition into the porosity of the membrane
differed. At 0.015 seconds, no complete imbibition was
observed even at the highest cycle number tested. At 0.06
seconds, complete imbibition began at 375 cycles, and at
0.15 seconds complete imbibition began at 325 cycles.
Representative stills from 350 cycles are demonstrated in
FIG. 3C. The transition from drop spreading on the hydro-
philized surface to significant imbibition by the functional-
ized surface may be thought of as a transition between a
Cassie-Baxter state to a Wenzel state. In the Cassie-Baxter
state, the pore surface suspends an air-water interface. As the
number of cycles is increased, the surface area fraction of
AL, O; increases, along with the roughness and extent of
AlL,O; coverage. These factors destabilize the air-water
interface at the pore surface, and the water begins to
preferentially wick into the pore interior.

[0076] To probe the influence of purge time on wettability,
Janus membranes were fabricated using 350 ALD Al,O;.
cycles with precursor exposures 0ot 0.015, 0.06, 0.15 seconds
and purge times of 10, 30, and 65 seconds. As shown in FIG.
3E, the average contact angles measured for these mem-
branes increased with increasing purge time, indicating a
decrease in wettability. We hypothesize that the longer purge
times allow the TMA physisorbed in to the polypropylene
surface to desorb, which reduces the rate of Al,O; nucle-
ation.
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Lateral Membrane Modification

[0077] Physical masking of the membrane to limit precur-
sor exposure to one side of the membrane during the ALD
modification also enables spatial patterning of hydrophilic/
hydrophobic regions on the exposed side of the membrane.
FIG. 4A shows a water droplet deposited on the shielded
hydrophobic region and dragged onto the hydrophilic region
of the front face of a Janus membrane (400 cycles, 0.015
second exposures, 10 second purges). The drop abruptly
spread and was imbibed as soon as the leading edge came
into contact with the Al,O;-functionalized surface. The
ability to laterally pattern the modification is further dem-
onstrated in FIG. 4B, in which the membrane was sub-
merged in Coomassie Blue solution. In this instance, the
membrane was set in a housing that only exposed a central
10 mm diameter region of the membrane to the precursor
flux. This mask faithfully templated a hydrophilic region to
the exposed area only. Lastly, another membrane Janus
membrane with a 10 mm modified spot was placed on a 30°
inclined plane, and water was dropped onto the surface
(FIG. 4C) Water droplets rolled down the unmodified,
hydrophobic polypropylene but were abruptly stopped and
imbibed by the hydrophilized spot.

[0078] Beyond the direct utility of the functionalized
Al,O, surface for its wetting properties, the spatially modi-
fied Al,O; surface can be used as a platform to further
modify one side of the membrane with molecules that
preferentially graft onto the Al—OH hydroxyl groups cre-
ated by the Al,O,; ALD. Recently, porous polyurethane was
modified with sequential infiltration synthesis Al,O,, which
served to activate the surface for the subsequent gracting of
trimethylsilane-terminated superoleophilic molecules to
enable high-capacity, reusable crude oil sorbents. Diffusion-
limited ALD Janus membranes can therefore introduce
spatially-resolved reactive surface sites on otherwise unre-
active polymer membranes for further functionalization.
[0079] These spatially-resolved hydrophilic zones imply
possible paper-based microfluidic applications for ALD-
derived Janus membranes. Paper microfluidics are an expan-
sive research area in which fluids are passively transported
through hydrophilic porous materials such as cellulose
through channels defined by hydrophobic modifications.
These hydrophobic modifications are applied by direct print-
ing techniques, and recently by masked vapor deposition of
hydrophobic silanes. The hydrophilic cellulose hydroxyl
groups can serve as binding sites for a host of functional
molecules that react with species in fluids of interest for
applications in sensing and diagnostics. In the ALD-derived
Janus material, the tone of the modification would be
inverted, such that exposed areas become the hydrophilic
paths for fluid manipulation with surface-terminated
hydroxyls for functionalization.

Air Contact Angle Measurements

[0080] The gas contact angle of the membranes were next
measured to assess air adhesion as a function of the Janus
modification. Distilled water was used as the fluid medium,
and air bubbles were brought into contact with the modified
surface, which was affixed to a glass slide to ensure complete
submersion. The membrane was prewetted with ethanol to
mitigate the impact of air trapped in acrophilic samples.

[0081] FIG. 3D shows the underwater air-contact angle of
membranes modified with 0-190 ALD Al,O; cycles using
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0.015 s precursor exposures. The pristine membrane shows
complete spreading of the air bubble. Much as in the case of
the water contact angle measurements, the membrane
became more aerophobic with increasing numbers of ALD
cycles. The air bubble contact angle reached approximately
90° with only 75 ALD cycles and 120° with 125 ALD
cycles. A high contact angle exceeding 140° degrees was
observed beyond 175 ALD cycles. An apparent transition in
air adhesion was observed in the vicinity of 190 ALD cycles.
Below this threshold, the bubble exhibited an extremely
high contact angle but was pinned in place at its contact line.
An air bubble pinned to the syringe tip used to deliver the air
could be coaxed onto the membrane by making contact.
Above this threshold, the bubble was extremely mobile on
the surface. An air bubble pinned to the syringe tip could not
be coaxed onto the membrane surface, even when pushed
against the modified surface. The bubble had to be released
from the syringe to observe the mobile sliding behavior. The
membrane surface is described as transitioning from aero-
phobic to superaerophobic in nature. The superaerophobic
phenomena emerges from the hydrophilicity of the Al,O, in
combination with the hierarchical roughness of the polypro-
pylene’s porosity and the roughness of the deposited Al,O,.
This phenomenology is illustrated in FIG. 3D. It is hypoth-
esized that the aerophobic condition observed below 190
cycles occurs when the air interface encounters a heterog-
enous membrane surface composed of discrete Al,O; nuclei
and some remaining polypropylene. The presence of the
hydrophilic nuclei gives rise to the apparent aerophobic
contact angles. Above the threshold of superaerophobicity,
the air bubble contacts a conformal Al,O; surface with
sufficient coverage that it cannot pin on the surface, and
instead slides easily.

[0082] Diode-like unidirectional fluid transport has been
described in a number of Janus membrane systems. This
unusual behavior emerges from the wetting asymmetry—an
aqueous drop placed on the hydrophobic side will flow
through the pores due to the Laplace pressure of its high
contact angle, whereas a drop on the hydrophilic side
spreads and does not have any driving force to move all the
way through the membrane.

Janus Membrane Aeration

[0083] As a demonstration of the utility of the ALD-
derived Janus membranes, aeration experiments were con-
ducted on a pristine polypropylene membrane and a Janus
membrane (300 cycles, 0.015 second exposure, 10 second
purge). The experiment consists of a custom built bubbler
(FIG. 3C) in which gas can be flowed through the membrane
into a column of water. Aeration is a critical dispersion
process for the transfer of gases to dissolve into liquids.
Aeration is widely used in industrial chemical synthesis,
aquaculture, CO, capture, and wastewater treatment. The
dissolution rate of gases into the liquid is enhanced by
shrinking the size of the bubbles. This fact is based on
surface area-volume scaling. At the same flow rate, there is
far more surface area for gas diffusion if the volume of gas
is distributed over many bubbles. As an ancillary effect, the
duration of the bubble residence in the liquid increases as the
bubble shrinks. The rate of the bubble’s rise through a liquid
due to buoyancy can be given by Stokes’ equation in
Equation 2:
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[0084] Here v is the velocity of the bubble upwards, Ap,,
is the density difference between the liquid and gas, 1 is the
viscosity of the liquid, g is the acceleration of gravity, and
d is the diameter of the bubble.

[0085] In an aeration process, gas is forced through the
membrane and gathers in bubbles, which eventually release
from the surface. Bubble release occurs when the buoyant
force of the forming air bubble exceeds the adhesion force
between the bubble and membrane surface. Minimizing the
adhesion will therefore lower the minimum bubble size that
can be released. Though hydrophilic surfaces may seem
ideal in this sense, a completely wetting membrane will
require a significant pressure to displace the water from the
pore interiors. A Janus membrane with a thin hydrophilic
skin layer is therefore ideal, as the site of poor gas adhesion
is limited to the near-immediate surface and the pressure loss
across the thickness of the membrane is minimized. The
adhesion can be further minimized by superaerophobicity
deriving from the roughness of the material. The illustration
in FIGS. SA-5C demonstrates the difference between the
hydrophobic unmodified membrane and the modified Janus
membrane. In the case of the unmodified membrane, the air
spreads over the polypropylene surface as a film and is
released in large bubbles. In the case of the superaerophobic
membrane, the bubbles are much smaller and release indi-
vidually. The adhesion force of the bubble to the membrane
surface is related to the area in contact with the membrane
and is therefore proportional to sin(0). Aeration performed at
a pressure of 1 psi on the pristine membrane and a Janus
membrane prepared with 300 cycles of ALD at 0.015 second
vapor exposure show the drastic difference in aeration
performance. It was observed that the fine bubble release
due to the Al,O; skin of the Janus membrane compared to
the large bubbles of the pristine membrane.

[0086] As used herein, the singular forms “a”, “an” and
“the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, the term “a member”
is intended to mean a single member or a combination of
members, “a material” is intended to mean one or more
materials, or a combination thereof.

[0087] As used herein, the terms “about” and “approxi-
mately” generally mean plus or minus 10% of the stated
value. For example, about 0.5 would include 0.45 and 0.55,
about 10 would include 9 to 11, about 1000 would include
900 to 1100.

[0088] It should be noted that the term “exemplary” as
used herein to describe various embodiments is intended to
indicate that such embodiments are possible examples,
representations, and/or illustrations of possible embodi-
ments (and such term is not intended to connote that such
embodiments are necessarily extraordinary or superlative
examples).

[0089] The terms “coupled,” “connected,” and the like as
used herein mean the joining of two members directly or
indirectly to one another. Such joining may be stationary
(e.g., permanent) or moveable (e.g., removable or releas-
able). Such joining may be achieved with the two members
or the two members and any additional intermediate mem-
bers being integrally formed as a single unitary body with
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one another or with the two members or the two members
and any additional intermediate members being attached to
one another.
[0090] It is important to note that the construction and
arrangement of the various exemplary embodiments are
illustrative only. Although only a few embodiments have
been described in detail in this disclosure, those skilled in
the art who review this disclosure will readily appreciate that
many modifications are possible (e.g., variations in sizes,
dimensions, structures, shapes and proportions of the vari-
ous elements, values of parameters, mounting arrangements,
use of materials, colors, orientations, etc.) without materially
departing from the novel teachings and advantages of the
subject matter described herein. Other substitutions, modi-
fications, changes and omissions may also be made in the
design, operating conditions and arrangement of the various
exemplary embodiments without departing from the scope
of the present invention.
[0091] While this specification contains many specific
implementation details, these should not be construed as
limitations on the scope of any inventions or of what may be
claimed, but rather as descriptions of features specific to
particular implementations of particular inventions. Certain
features described in this specification in the context of
separate implementations can also be implemented in com-
bination in a single implementation. Conversely, various
features described in the context of a single implementation
can also be implemented in multiple implementations sepa-
rately or in any suitable subcombination. Moreover,
although features may be described above as acting in
certain combinations and even initially claimed as such, one
or more features from a claimed combination can in some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.
What is claimed is:
1. A method of fabricating a Janus membrane comprising:
positioning a membrane in a housing in an Atomic Layer
Deposition (ALD) reactor, the membrane having a first
side and a second side and comprising a material, the
membrane positioned within the housing with the sec-
ond side adjacent to and masked by a portion of the
housing and the first side exposed to a reaction chamber
of the ALD reactor;
depositing an oxide coating on the first side of the
membrane and within a network of pores within the
membrane by atomic layer deposition by the steps of:
exposing a first ALD precursor flux comprising a first
ALD precursor at a first deposition temperature, a
first vapor pressure, and for a first exposure time;
absorbing the first ALD precursor to the first side of the
membrane and within a portion of the network of
pores;
exposing a second ALD precursor flux comprising a
second ALD precursor at a second deposition tem-
perature, a first vapor pressure, and for a first expo-
sure time;
reacting the absorbed first ALD precursor with the
second ALD precursor;
forming a coating on the first side and the portion of the
network of pores;
wherein flow of the first ALD precursor in the network of
pores is governed by Knudsen diffusion.
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2. The method of claim 1, wherein the membrane lacks
polar functional groups exposed on the first side.

3. The method of claim 2, wherein the membrane lacks
polar functional groups.

4. The method of claim 3, wherein the membrane is
polypropylene.

5. The method of claim 1, wherein the coating is an oxide
and wherein the first ALD precursor is an organometallic
precursor.

6. The method of claim 1, wherein the network of pores
is tortuous.

7. The method of claim 1, wherein the second ALD
precursor is water.

8. The method of claim 1, wherein exposing the second
precursor flux occurs immediately after exposing the first
precursor flux without an intervening purge step.

9. The method of claim 1, wherein the housing comprises
a fixture and a masking plate, the fixture engageable with the
masking plate and the membrane retained within the hous-
ing.

10. The method of claim 1, wherein the first deposition
temperature is between 60° C. and 110° C.

11. The method of claim 1 wherein the first vapor pressure
is up to 1 Torr

12. The method of claim 1 wherein further comprising a
purge step between the absorbing of the first ALD precursor
and the exposure of the second ALD precursor, wherein the
purge step has a purge time of between 10 seconds and 60
seconds.

13. A method of fabricating a membrane comprising:

positioning a membrane lacking polar functional groups

in a housing in an Atomic Layer deposition (ALD)
reactor, the membrane having a first side and a second
side;

depositing an oxide on the first side of the membrane and

within a network of pores within the membrane by
atomic layer deposition by the steps of:
performing a first set of cycles of:
exposing a first ALD precursor flux comprising a
first ALD precursor at a first deposition tempera-
ture, a first vapor pressure, and for a first exposure
time;
absorbing the first ALD precursor to the first side of
the membrane and within a portion of the network
of pores;
exposing a second ALD precursor flux comprising a
second ALD precursor at a second deposition
temperature, a first vapor pressure, and for a first
exposure time;
reacting the absorbed first ALD precursor with the
second ALD precursor;
forming a plurality of oxide seeds on the first side
and the portion of the network of pores.
14. The method of claim 13, further comprising perform-
ing a second set of cycles of
exposing the first ALD precursor flux comprising the first
ALD precursor at a first deposition temperature, a first
vapor pressure, and for a first exposure time;

absorbing the first ALD precursor to the first side of the
membrane and within a portion of the network of pores
or covalently bonding with one of the plurality of oxide
seeds on the first side of the membrane and within a
portion of the network of pores;
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exposing a second ALD precursor flux comprising a
second ALD precursor at a second deposition tempera-
ture, a first vapor pressure, and for a first exposure time;

wherein second set of cycles are performed until a coating
is formed by growth of the plurality of seeds.

15. The method of claim 13, wherein the membrane is

polypropylene.

16. The method of claim 13, wherein the coating is an
oxide and wherein the first ALD precursor is an organome-
tallic precursor.

17. The method of claim 13, wherein the network of pores
is tortuous.

18. The method of claim 13, wherein the second ALD
precursor is water.

19. The method of claim 13, wherein exposing the second
precursor flux occurs immediately after exposing the first
precursor flux without an intervening purge step.

20. A Janus membrane comprising

a membrane comprising a polymer and lacking polar
functional groups, the membrane comprising a tortuous
network of pores;

a conformal coating of oxide deposited on a first side of
the membrane and extending a distance into the pores
towards the second side;

wherein the conformal coating on the first side has a
uniform thickness and the coating within the pores
exhibits a thickness gradient.
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